Glyphosate (N-phosphonomethylglycine) caused a significant decrease or a slight increase in ethylene production in tobacco callus (Nicotiana tabacum L.) depending on the concentration of indole-3-acetic acid (LIA) present in the medium. IAA stimulated ethylene production, but a pretreatment with glyphosate greatly reduced the IAA-induced ethylene production. Inasmuch as glyphosate treatment promoted the metabolism of IAA, the decrease in ethylene production induced by glyphosate is attributed to the rapid loss of free IAA in the treated tissue.
Glyphosate (N-phosphonomethylglycine) is a promising, broadspectrum herbicide. It also promotes sucrose accumulation in sugarcane (13) and maturity in grain sorghum (3) . In searching for its mode of action in plants, Lee (8, 9) has found that tobacco callus pretreated with glyphosate had significantly less free IAA and higher rates of oxidation and conjugation of IAA than that in the control callus without glyphosate treatment. As IAA and other auxins are known to promote ethylene production in plants (1, 4, 10, 11, 14, 16) and the level of free IAA in plant tissues parallels ethylene production (5, 6) , it is of interest to find out whether ethylene production is affected by glyphosate. In this work, we report that glyphosate significantly decreases the IAA-induced ethylene production in tobacco callus.
MATERIALS AND METHODS
Plant Material. The tobacco callus (Nicotiana tabacum L. cv White Gold) was grown on M-S medium (12) supplemented with 4 ,UM each of IAA and kinetin. The culture was grown in darkness at 27°C for 2 weeks, after which uniform pieces were used for experiments. The tobacco callus was chosen because it was sensitive to glyphosate in growth response (7) and IAA metabolism (8, 9 IAA. However, when glyphosate was added to the medium together with IAA, ethylene production decreased sharply with increasing concentrations of glyphosate (Fig. 1) . To investigate the relationship between the reduction by glyphosate and the induction by IAA of ethylene production, experiments were conducted with varied concentrations of IAA in the absence or presence of glyphosate. In the control callus which was not treated with glyphosate, ethylene production increased rapidly with increasing concentrations of IAA (Fig. 2) , confirming the inductive effect of IAA on ethylene. Addition of glyphosate to the medium lowered ethylene production in all cases except in the absence of IAA. The decrease was 24% with 2 ,UM IAA and 49% with 128 ,UM IAA. Apparently, glyphosate effectively reduced the IAA-induced ethylene production.
Glyphosate was more effective when it was applied 24 h before IAA application. For example, a pretreatment with 0.2 mm glyphosate for 24 h caused a 56% decrease in ethylene production compared to the control without glyphosate when the tissue was subsequently treated with 10 ,LM IAA (Table I) ; the decrease was much larger than that produced by the tissue treated with 10 ,UM IAA and 0.2 mm glyphosate simultaneously (Fig. 1) . Apparently, there was a delay for glyphosate to produce a greater effect on ethylene. Inasmuch as glyphosate promoted oxidation and conjugation of IAA (8, 9) , it was speculated that the delay might be related to the induced change in IAA metabolism. In phosate treatment. Thus, the indication is that the induced rapid loss of free IAA was likely responsible for the decrease in ethylene production. A correlation between the free IAA level and ethylene production as affected by glyphosate is shown in Table I . In the same experiment, a glyphosate pretreatment decreased the level of free IAA by 59% and ethylene production by 56%_ compared to the control.
In the biosynthetic pathway from methionine to ethylene, it has been known that the only step regulated by IAA was the conversion of I-adenosylmethionine to I-aminocyclopropane-l-carboxylic acid (ACC); the step from ACC to ethylene was not affected by IAA (15) . To test whether or not glyphosate affected the step from ACC to ethylene, the glyphosate-treated and the control calluses were transferred to a medium containing 0.1 mm ACC. After 1 d, the rate of ethylene production increased 4-fold both in the control and the glyphosate-treated tissue compared to that without the ACC treatment, suggesting ineffectiveness of glyphosate on the step from ACC to ethylene.
Promotion of Ethylene Production. Two-week-old tobacco callus produced a small amount of ethylene when it remained on the original medium which contained 4 ,lM IAA initially. When this tissue was transferred to a medium containing glyphosate but without IAA, there was a slight increase in ethylene production (Fig. 3) . Although the increase was small compared to that promoted by IAA, the results were consistent. Evidently, the small amount of ethylene produced without the influence of freshly supplied IAA was not decreased by glyphosate. Promotion of ethylene production by glyphosate at a high concentration has been reported for 12-d-old bean seedlings (2) . Figure 3 also shows a relatively high variability in ethylene production when both IAA and glyphosate were at low levels, such as 2 ,UM IAA and 0.2 mm glyphosate. In the presence of 2 ,UM IAA, 0.2 mm might be the minimum concentration required for glyphosate to influence ethylene production. Under this condition, either an increase or a decrease in ethylene production could occur. Increasing either the glyphosate concentration (Fig.  3) or the IAA concentration (Fig. 1) shifted the balance and thus resulted in net decreases in ethylene production. It appears that the condition for a promotive effect of glyphosate on ethylene 2 pM IAA Control u .
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In conclusion, glyphosate has two effects on ethylene production in tobacco callus, a significant decrease or a small increase depending on the concentration of IAA. The rapid change in IAA metabolism and ethylene production induced by glyphosate may have practical implication of its role in plant growth regulation inasmuch as both IAA and ethylene are plant hormones and are involved in the regulation of various aspects of plant growth and development.
